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Nonleptonic charmless 2-body decays $\documentclass[12pt]{minimal}
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                \begin{document}$$B\rightarrow M M$$\end{document}$, with final state mesons $\documentclass[12pt]{minimal}
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                \begin{document}$$MM = (PP,\, PV,\, VV)$$\end{document}$, form a large class of decays that allow one to test in principle the underlying tree and penguin topologies at the parton level, as predicted by the standard model (SM). Further, the subclass of QCD- and QED-penguin-dominated decays are sensitive to new physics (NP) beyond the SM, as any other $\documentclass[12pt]{minimal}
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                \begin{document}$$b \rightarrow (d,s)$$\end{document}$ flavor-changing neutral-current (FCNC) process, which makes them valuable probes of the according short-distance couplings.

The major obstacle to constraining the short-distance couplings with data is the evaluation of hadronic matrix elements in 2-body *B*-meson decays beyond naive factorization. In view of this, strategies have been developed to construct tests of the weak phases of the Cabibbo--Kobayashi--Maskawa (CKM) quark-mixing matrix of the SM where the hadronic matrix elements are determined from data, usually involving additional assumptions of *SU*(2) and/or *SU*(3) flavor symmetries. Although this allows one to test the consistency of weak phases extracted in tree- and loop-induced processes in the framework of the SM, no other detailed information can be obtained on particular short-distance couplings of the involved QCD- and QED-penguin operators.

In this respect, systematic expansions in the heavy bottom quark mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$m_b$$\end{document}$, yield at leading order in $\documentclass[12pt]{minimal}
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                \begin{document}$$1/m_b$$\end{document}$ a simplified representation of hadronic 2-body matrix elements in terms of rather well-known heavy-to-light form factors and distribution amplitudes (DA) of the involved mesons. These approaches, QCD factorization (QCDF) \[[@CR1]--[@CR6]\], soft-collinear effective theory (SCET) \[[@CR7]--[@CR10]\] or perturbative QCD (pQCD) \[[@CR11]--[@CR14]\], provide predictions at leading order in $\documentclass[12pt]{minimal}
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                \begin{document}$$1/m_b$$\end{document}$ that allow one in principle to test short-distance couplings with data.

Weak annihilation (WA) contributions are formally of subleading order in $\documentclass[12pt]{minimal}
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                \begin{document}$$1/m_b$$\end{document}$, but an additional chiral enhancement makes them phenomenologically relevant for a consistent description of experimental data in the SM and scenarios beyond. In QCDF and SCET, they are plagued by nonfactorizable divergences, which are present in endpoint regions of convolutions of meson DAs. In QCDF, these divergences are frequently parameterized by a phenomenological complex parameter \[[@CR3]\] and hence are model-dependent. In particular, the associated strong phase governs the size of CP asymmetries. In practice this leads to large theoretical uncertainties in the prediction of observables \[[@CR5], [@CR15]\]. Although branching fractions and CP asymmetries are sensitive to new-physics effects, the model-dependence and the arising uncertainties due to the involved strong phases raise the question how reliable information can be extracted on the short-distance couplings.

Here we determine the model-dependence in the framework of QCDF from data, admitting one phenomenological parameter for decays $\documentclass[12pt]{minimal}
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                \begin{document}$$(u \leftrightarrow d$$\end{document}$) quark exchange. The theoretical uncertainties of all other input parameters (see Appendix [A](#Sec18){ref-type="sec"}) are treated as uncorrelated and have been included into the likelihood as explained in Appendix [B](#Sec19){ref-type="sec"}. We use data of mostly QCD-penguin dominated $\documentclass[12pt]{minimal}
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                \begin{document}$$PV = K\rho ,\, K\phi ,\, K\omega ,\, K^*\pi ,\, K^*\eta ^{(')}$$\end{document}$ or $\documentclass[12pt]{minimal}
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                \begin{document}$$VV = K^*\rho ,\, K^*\phi ,\, K^*\omega ,$$\end{document}$$\documentclass[12pt]{minimal}
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                \begin{document}$$B_s$$\end{document}$ decays into $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$PP = \pi \pi ,\, KK,\, K\pi $$\end{document}$ or $\documentclass[12pt]{minimal}
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                \begin{document}$$VV = \phi \phi ,\, K^*\phi ,\, K^* K^*$$\end{document}$ final states. We determine also the relative magnitude of subleading WA amplitudes compared to the relevant leading order amplitudes. The results within the context of the SM are presented in Sect. [4](#Sec8){ref-type="sec"}. Given the current data, a simultaneous fit of the WA parameters and the short-distance couplings is pursued in Sect. [5](#Sec14){ref-type="sec"} for generic NP extensions of the SM in order to explore the constraining power of these decays. Before presenting our results of the fit, we review the observables and collect the experimental input of charmless 2-body decays in Sect. [2](#Sec2){ref-type="sec"}. The relevant details of QCDF and the definition of the phenomenological parameter are summarized in Sect. [3](#Sec5){ref-type="sec"}. Various appendices collect additional material on numerical input in Appendix [A](#Sec18){ref-type="sec"} and the statistical treatment of experimental and theoretical uncertainties as well as determination of pull values and *p* values in Appendix [B](#Sec19){ref-type="sec"}.
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                \begin{document}$$B \rightarrow MM$$\end{document}$ observables and data {#Sec2}
========================================================================================

The 2-body decays of *B* mesons into final states $\documentclass[12pt]{minimal}
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                \begin{document}$$f = PP,\, PV,\, V_h V_h$$\end{document}$ with light charmless pseudoscalar (*P*) and/or vector ($\documentclass[12pt]{minimal}
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                \begin{document}$$V_h$$\end{document}$) mesons with polarization mode $\documentclass[12pt]{minimal}
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                \begin{document}$$h = L, \perp , \parallel $$\end{document}$ provide various observables in time-integrated, time-dependent, and also angular analyses. These are reviewed in the first part of this section, whereas in the second part the according available experimental data is listed that has been used in the fits.

Observables {#Sec3}
-----------

The most important observables for decays of charged $\documentclass[12pt]{minimal}
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                \begin{document}$$B_u$$\end{document}$ mesons into a final state *f* are the CP-averaged branching fraction and the (direct) CP asymmetry$$\documentclass[12pt]{minimal}
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                \begin{document}$$D = d, s$$\end{document}$) into a common final state *f* for both flavor eigenstates $\documentclass[12pt]{minimal}
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                \begin{document}$$B_D$$\end{document}$, the simplest measurements are untagged rates. The decay is governed by the decay rates $\documentclass[12pt]{minimal}
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                \begin{document}$$R_f^\mathrm{H,L} \equiv {\varGamma }[B_D^\mathrm{H,L} \rightarrow f]$$\end{document}$ of the heavy and light mass eigenstates $\documentclass[12pt]{minimal}
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                \begin{document}$$B_D^\mathrm{H, L}$$\end{document}$, which yield the averaged and time-integrated branching fraction$$\documentclass[12pt]{minimal}
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                \begin{document}$${\varGamma }_D^\mathrm{H,L}$$\end{document}$ in the two exponentials. The mass eigenstates are related to the flavor eigenstates $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t = 0$$\end{document}$,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Here we revisit the building blocks that arise in QCDF to calculate the final-state-dependent corrections needed for a suitable prediction of the decay amplitudes $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _f$$\end{document}$ Eq. ([2.8](#Equ8){ref-type=""}) and details of their treatment in our analysis. Most importantly, the parametrization of the endpoint divergences arising in weak-annihilation (WA) and hard-scattering (HS) contributions are given, which will be determined from experimental data in Sects. [4](#Sec8){ref-type="sec"} and [5](#Sec14){ref-type="sec"} in the framework of the SM and scenarios of NP, respectively. Further, we describe in Sect. [3.2](#Sec7){ref-type="sec"} the determination of the relative magnitude of WA amplitudes compared to the leading ones in the SM and NP scenarios, as they are formally of subleading order in $\documentclass[12pt]{minimal}
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In our analysis all decay modes are driven by the same flavor transition $\documentclass[12pt]{minimal}
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Weak annihilation in QCDF {#Sec6}
-------------------------

As was established by Beneke et al. \[[@CR2], [@CR3]\], the matrix elements of the involved operators can be treated systematically in a $\documentclass[12pt]{minimal}
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As it is discussed in detail in the literature \[[@CR3], [@CR5]\], contributions from HS and WA topologies, which are subleading in $\documentclass[12pt]{minimal}
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In the HS they originate from terms involving twist-3 light-cone DAs $\documentclass[12pt]{minimal}
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As already indicated, the phenomenological parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi _{A,H}$$\end{document}$ is kept arbitrary and varied freely to estimate the uncertainty in theoretical predictions of observables within QCDF due to WA and HS. This procedure showed the phenomenological importance of WA and constitutes a major source of theoretical uncertainty in predictions within the SM \[[@CR5]\] and searches beyond \[[@CR15]\] and below we will refer to it as "conventional QCDF".

In this work, we are going to fit $\documentclass[12pt]{minimal}
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This procedure is different from conventional QCDF in as much as it assumes one universal parameter $\documentclass[12pt]{minimal}
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In the lack of precise data for most of the decays, we make the further assumption of a WA parameter that is even universal for decay modes that are related by the exchange of $\documentclass[12pt]{minimal}
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The procedure reflects the general idea inherent to $\documentclass[12pt]{minimal}
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                \begin{document}$$1/m_b$$\end{document}$ expansions, which aim at a factorization into short-distance and universal nonperturbative quantities, where the latter are determined from data in the lack of first-principle determinations. Presently, however, factorization theorems are not yet established at subleading order that would support the existence of such universal quantities. While steps have been made to show that weak annihilation is factorizable and real \[[@CR55]\], doubts are cast on the reality condition \[[@CR56]\]. In view of this, our study can affirm at most experimental evidence against the assumption of one universal parameter per decay system. Therefore a positive affirmation may not be over interpreted. Finally, it must also be noted that contributions of not included NNLO corrections could be sizeable and in our fits they are interpreted as part of the phenomenological WA parameter.

Size of power-suppressed corrections {#Sec7}
------------------------------------

In this work, we determine the size of subleading WA (and HS) contributions from data in the framework of the SM and NP scenarios. Due to the chiral enhancement, WA contributions are not necessarily $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _{i, \mathrm II}^\mathrm{tw-3}$$\end{document}$ denotes the subleading, but chirally enhanced, twist-3 contribution, whereas $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _{i,\mathrm II}^\mathrm{tw-2}$$\end{document}$ is the leading HS contribution from twist-2 DAs, which is free of endpoint divergences. The leading amplitudes are splitted into $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _i = \alpha _{i, \mathrm I} + \alpha _{i, \mathrm II}$$\end{document}$, with the two contributions from kernel I and II introduced in Eq. ([3.3](#Equ22){ref-type=""}). Note that $\documentclass[12pt]{minimal}
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                \begin{document}$$\xi _{i,VV}^A \equiv (\xi _{i,L}^A + \xi _{i,-}^A)/2$$\end{document}$.

The most important contribution from power-suppressed corrections are clearly obtained from HS in $\documentclass[12pt]{minimal}
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Weak annihilation in the standard model {#Sec8}
=======================================
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As shown in Table [5](#Tab5){ref-type="table"}, the *p* values at the best-fit points of the fits of Set I and Set II are very different: 0.44 versus 0.04, respectively. The reason are large pull values of composed observables in Set II at the best-fit point: $\documentclass[12pt]{minimal}
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In the following we will elaborate on the constraints posed by individual observables. For example, the general shape of the contour of branching fractions can easily be understood as follows: The leading contribution of the decay amplitude $\documentclass[12pt]{minimal}
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The allowed regions obtained from a fit of only CP asymmetries in Fig. [1](#Fig1){ref-type="fig"}a, b (shown in green) are similar for Set I and Set II. The best-fit point is at $\documentclass[12pt]{minimal}
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The very same figures (Fig. [1](#Fig1){ref-type="fig"}a, b) show also that there is no or hardly any overlap at 95 % probability of the allowed regions from branching fractions (blue) and those from CP asymmetries (green). In our approach, the so-called "$\documentclass[12pt]{minimal}
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The advantage of observable Set II strongly depends on cancelation of theory uncertainties, as for example the form factors in the ratios of branching fractions. Especially in cases where WA contributions are large compared to the leading amplitude, i.e., large $\documentclass[12pt]{minimal}
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We tested our assumption of universal WA also with data listed in Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}, and [3](#Tab3){ref-type="table"} for other QCD-penguin-dominated decay modes mediated by $\documentclass[12pt]{minimal}
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So far we discussed decays that are dominated by QCD-penguin topologies. They share the feature that leading WA contributions $\documentclass[12pt]{minimal}
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Now we are interested in decay modes that are governed solely by WA topologies. The only measured systems are so far $\documentclass[12pt]{minimal}
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Apart from the mismatch of WA contributions for different initial and final states, there might be another interesting aspect, which can be studied in these decays. Namely, the amplitudes Eq. ([4.13](#Equ42){ref-type=""}) are proportional to one overall CP-conserving strong phase due to the fact that the single amplitudes $\documentclass[12pt]{minimal}
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The measurement of other WA-dominated decay modes with *PV* and *VV* final states can help to further scrutinize WA contributions. For example for $\documentclass[12pt]{minimal}
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So far, we have assumed one universal parameter for WA contributions of QCD-penguin-dominated decays that are related by $\documentclass[12pt]{minimal}
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In QCDF this assumption might be justified bearing in mind that WA contributions in QCD-penguin-dominated decay amplitudes are numerically dominated by topologies in which the gluon is emitted from the quark current that hadronizes into the final states, namely $\documentclass[12pt]{minimal}
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Currently experimental information is limited for $\documentclass[12pt]{minimal}
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This leaves us mainly with the final-state system $\documentclass[12pt]{minimal}
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Based on our assumption, we predict from both fits the CP asymmetry $\documentclass[12pt]{minimal}
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New physics scenarios {#Sec14}
=====================

In the framework of the SM, our analysis in the previous Sect. [4](#Sec8){ref-type="sec"} has shown that the data of all investigated systems can be described with one universal WA parameter per system of decays that are related by ($\documentclass[12pt]{minimal}
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NP in QED penguins {#Sec15}
------------------
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As can be expected from the pull values of the SM fit, shown in Table [5](#Tab5){ref-type="table"}, the allowed regions from $\documentclass[12pt]{minimal}
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Measurements of the mixing-induced CP asymmetries $\documentclass[12pt]{minimal}
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Apart from the NP parameters discussed so far, we simultaneously fitted one universal WA parameter per decay system. The comparison of the best-fit points of these parameters with the SM fit is summarized in Table [8](#Tab8){ref-type="table"} for each of the considered scenarios. These best-fit points lie in the solutions that were singled out by the SM fit, owing to the fact that NP in QED-penguin operators does not modify the numerically leading decay amplitude $\documentclass[12pt]{minimal}
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In the case of the SM, isospin-breaking contributions to hadronic *B* decays occur either through QED-penguin operators, which were investigated in the previous section, or through tree-level operators with an up-quark current. The latter operators occur in the SM in a color-singlet, $\documentclass[12pt]{minimal}
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We introduce the following NP contribution to the Hamiltonian of Eq. ([3.1](#Equ20){ref-type=""}):$$\documentclass[12pt]{minimal}
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In connection with the SM, we already discussed in Sect. [4.1](#Sec9){ref-type="sec"} the possibility of a large hard-scattering solution to the $\documentclass[12pt]{minimal}
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We investigate the effects of the complex-valued Wilson coefficients $\documentclass[12pt]{minimal}
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Conclusion {#Sec17}
==========

In this work we have carried out a phenomenological study of QCD- and QED-penguin-dominated charmless 2-body *B*-meson decays in the framework of QCD factorization (QCDF). In particular we investigated whether data supports the assumption of one universal parameter, $\documentclass[12pt]{minimal}
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We emphasize that in our analysis the "$\documentclass[12pt]{minimal}
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We investigate the feasibility to constrain new-physics (NP) scenarios in view of the aforementioned tensions in the SM. Within our framework this requires the fit of WA phenomenological parameters simultaneously with NP parameters from data. In contrast to the conventional handling of WA contributions within QCDF, we find that the assumption of one universal parameter per decay system yields stronger constraints on new-physics parameters for the considered scenarios. We have studied model-independent scenarios of NP in QED-penguin operators as possible solutions to the "$\documentclass[12pt]{minimal}
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In both classes of NP scenarios there is no direct contribution to the numerically leading amplitude of QCD-penguin operators, since we consider only new isospin-violating contributions. In consequence, the allowed regions of WA parameters do not differ qualitatively from those of the SM fit. Yet, the combined fit of NP and WA allows for smaller $\documentclass[12pt]{minimal}
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It is conceivable that one day factorization theorems will be established even for WA contributions involving then new nonperturbative quantities. Our studies suggest that it will be possible to extract these new quantities also from data in the lack of first-principle nonperturbative methods of their calculation. It will be important to have access to more accurate measurements of the involved observables which should become available from Belle II and LHCb within the next decade.

Appendix A: Numerical input {#Sec18}
===========================

Here we collect the numerical input used in our analysis in Table [12](#Tab12){ref-type="table"}. We list two sets of CKM parameters. The first, denoted by "SM", is obtained in a global CKM fit in the framework of the SM \[[@CR73]\] and is used throughout our SM analyses; see Sect. [4](#Sec8){ref-type="sec"}. The second, denoted by "NP", is obtained from a global fit that includes only tree-level mediated observables \[[@CR73]\] and which we use throughout the analysis of scenarios beyond the SM in Sect. [5](#Sec14){ref-type="sec"}. Further, for $\documentclass[12pt]{minimal}
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Appendix B: Statistical procedure {#Sec19}
=================================

This appendix summarizes the statistical methods that are used in order to obtain probability regions for the parameters of interest, pull values of theory predictions and corresponding measurements of observables, and *p* values as a measure of the goodness of fit. Further, we describe the determination of probability distributions of predictions for observables that were not included in the fit.

Appendix B.1: Probability regions {#Sec20}
---------------------------------
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Obviously, the modification ([B7](#Equ59){ref-type=""}) is tailored to gaussian pdf's, which is our interpretation of experimental world averages given by the Particle Data Group (PDG) \[[@CR74]\] or HFAG \[[@CR19]\]. However, the ratios of gaussian distributed observables---like the ones defined in Eq. ([2.15](#Equ15){ref-type=""}): $\documentclass[12pt]{minimal}
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Concerning the evaluation of the posterior probability, it is determined numerically with the help of the Markov Chain Monte Carlo (MCMC) implementation of the Bayesian Analysis Tool (BAT) \[[@CR72]\]. One- and two-dimensional posterior distributions are obtained in turn by marginalization over the remaining parameters of interest. The best-fit points are identified with the help of Minuit that is initialized with the point of the highest posterior found during the MCMC run.

Appendix B.2: Pull value {#Sec21}
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Appendix B.3: *p* Value {#Sec22}
-----------------------

As a measure of the goodness of fit, we will use *p* values in order to compare within the same theoretical model at some point $\documentclass[12pt]{minimal}
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The common definition is used as a first possibility, assuming the validity of normal and all independent pdf's. It consists in the evaluation of the cumulative of the $\documentclass[12pt]{minimal}
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As a second possibility we calculate the *p* value defining a test statistics based on the likelihood \[[@CR86]\]. The according frequency distribution is determined from $\documentclass[12pt]{minimal}
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Appendix B.4: Probability distributions of observables {#Sec23}
------------------------------------------------------

If certain observables are not yet measured or despite an existing measurement are not included in the data set *D* of the fit, one might obtain a prediction of its probability distribution given the data *D* and model *M* \[[@CR86]\]. We calculate the considered observables at each point of the Markov Chain for the current value of $\documentclass[12pt]{minimal}
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The classification of decays into $\documentclass[12pt]{minimal}
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A good description of the experimental data of Set I observables has also been found in an amplitude fit \[[@CR62]\].

For very non-gaussian pdf's with several disconnected regions of probability, the pull value might give rise to misleading interpretations, however, all measurements at hand are gaussian or gaussian ratio distributed.
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